We describe the formation of one-dimensional lithium wires on a Cu͑001͒ substrate, providing an atomicscale description of the onset of metallization in this prototypical adsorption system. A combination of helium atom scattering and density-functional theory reveals pronounced changes in the electronic charge distribution on the formation of the c͑5 ͱ 2 ϫ ͱ 2͒R45°Li/Cu͑001͒ structure, as in-plane bonds are created. Charge donation from Li-substrate bonds is found to facilitate the formation of stable, bonded, and depolarized chains of Li adatoms that coexist with an interleaved phase of independent adatoms. The resultant overlayer has a commensurate charge distribution and lattice modulations but differs fundamentally from structurally similar charge-density wave systems. Self-organized, nanometric wires are ideal prototypes for exploring the electronic changes that occur during the process of bond formation at a surface. Epitaxial deposition onto intrinsically anisotropic substrates-such as ͑110͒ oriented, 1 stepped, 2-6 or reconstructed 7 single crystals-has been particularly useful in this regard. The approach can yield long, robust wires that are easier to study than freestanding structures.
Self-organized, nanometric wires are ideal prototypes for exploring the electronic changes that occur during the process of bond formation at a surface. Epitaxial deposition onto intrinsically anisotropic substrates-such as ͑110͒ oriented, 1 stepped, [2] [3] [4] [5] [6] or reconstructed 7 single crystals-has been particularly useful in this regard. The approach can yield long, robust wires that are easier to study than freestanding structures. 8 It is also of interest for the study of lowdimensional phenomena, including charge-density waves ͑CDWs͒, 9,10 which have been identified in a variety of lowdimensional p-block 11 and d-block 3, 9 epitaxial systems. In contrast, one-dimensional ͑1D͒ s-block systems have not previously been identified but could offer nonlocal, freeelectronlike properties that would contrast with the local nature of d-band systems. In the case of alkali metals on lowindex surfaces, a difficulty in forming 1D surface structures is the nature of interadsorbate interactions. 12, 13 Heavy alkali metal adatoms are highly polarized and tend toward isotropic, hex-type overlayers. As we demonstrate in the present work, light alkali metals behave differently, a fact that can be attributed to stronger and more localized adatom-substrate interactions. The resulting atomic chains of Li have a 1D structural character and they offer a unique opportunity for the observation of the charge redistribution as metallic bonds form in the surface plane. We use a combination of helium atom scattering ͑HAS͒ and density-functional theory ͑DFT͒ to probe directly the electronic structure of these anisotropic Li films, which we show to be characterized by inhomogeneous electronic-charge distributions and the coexistence of two distinct Li adatom states.
Previous electron 14, 15 and atom 16 diffraction studies have shown that a series of well-ordered submonolayer Li adatom structures forms on Cu͑001͒ at low temperature. Upon deposition, Li adatoms condense from a dilute lattice gas into an ordered c͑2 ϫ 2͒ structure at 0.5 monolayers ͑ML͒ with adatoms occupying fourfold hollow sites, 17, 18 as sketched in Fig.  1͑a͒ . Adatoms in the c͑2 ϫ 2͒ structure have a large separation and Ne scattering indicates that they act as independent Einstein oscillators: 16, 19 both factors point to the absence of in-plane bonds. As coverage increases, the introduction of antiphase boundaries or dislocation lines forms a series of c͑n ͱ 2 ϫ ͱ 2͒R45°Li/Cu͑001͒ "ladder" structures ͑denoted here as L n , with n an odd integer͒. Thereafter, an incommensurate overlayer, then three-dimensional growth, sets in. It is the most stable, 16 
The ͑a͒ 0.5 ML, c͑2 ϫ 2͒ and ͑b͒ 0.6 ML, c͑5 ͱ 2 ϫ ͱ 2͒R45°Li overlayers ͑dark circles͒ on Cu͑001͒ ͑light circles͒ with unit-cell dimensions projected onto ͓100͔ and ͓010͔ vectors. ͑c͒ He diffraction along ͓100͔ for several incident angles, ; the specular peak lies to the left. ͑d͒ Comparison of the normalized experimental diffracted intensities ͑open dots͒ with those calculated using the optimized He-Li/Cu interaction potential ͑solid lines͒. riodicities, respectively 10 -and the sp-band In/Cu͑001͒ CDW, whose long-range L 9 ͑and other͒ periodicity is stabilized by Fermi-surface nesting. 10, 20 A defining feature in each system is a periodic modulation of the ion-core separations running perpendicular to the dislocation lines. Here, the periodicity suggests two distinct adatom types: those labeled A in Fig. 1͑b͒ , lying within c͑2 ϫ 2͒-like stripes and those labeled B, lying within the dislocation lines. Little is known of the electronic structure of these lines, which we explore here.
HAS measurements were taken using a 64 meV He beam and clean Cu͑001͒ crystal, using procedures described previously. 16 Li was deposited at a substrate temperature of 180 K to ensure well-ordered, unalloyed growth 15 and data were collected after cooling the sample to 120 K. HAS diffraction scans of the L 5 structure, collected along the ͓100͔ direction and at a range of incident angles, are presented in Fig. 1͑c͒ . The peaks are consistent with the L 5 symmetry sketched in Fig. 1͑b͒ , which is also confirmed by the DFT calculations below. For ease, we refer to these peaks using orthogonal reciprocal lattice vectors
a j͒, where i and j are integers and a is the Cu fcc bulk unit-cell dimension, as indicated in Fig. 1͑b͒ . Since the primitive surface unit cell is oblique, diffraction from domains related through a 90°rotation is not probed in Fig. 1͑c͒ . The strong G i,0 diffraction peaks indicate a large surface corrugation across the dislocation lines ͑i.e., along ͓100͔͒. However, we find that the surface corrugation parallel to the dislocation lines is weak, creating an essentially one-dimensional corrugation. Thus, diffraction from two orthogonal domains is restricted to two sets of peaks, lying on the ͓100͔ and ͓010͔ axes.
We used close-coupled calculations 21 to derive an analytical form for the He-surface potential from the empirical diffracted intensities. The interaction potential for the L 5 surface was modeled as a 1D Fourier series
with the x coordinate running along the ͓100͔ direction. An ab initio He-Li jellium interaction potential represented the zero-order Fourier component, V 0 , with a short-range Hartree-Fock exponential decay and a long-range van der Waals term. 22 Purely repulsive higher-order Fourier components were taken as in Ref. 23 . Scattering calculations were averaged over the two domains, using 121 diffraction channels, including closed channels to account for multiple scattering and bound-state resonances. The potential was fitted to the integrated diffraction intensities and five terms were sufficient to ensure convergence. The result 24 is shown in Fig.  1͑d͒ , which indicates good agreement between the empirical and calculated diffraction intensities as a function of the incident angle.
The empirical surface isopotential contours are illustrated for various scattering conditions in Fig. 2͑a͒ and reveal large protrusions that are 1.7Ϯ 0.3 Å wide, 0.21Ϯ 0.01 Å high ͑at an energy of 27 meV͒, and separated by 5a 2 = 9.03 Å. The remaining ϳ70% of the surface is essentially flat to the helium beam and corresponds extremely well to the flat Hesurface isopotentials previously observed for the c͑2 ϫ 2͒ Li/ Cu͑001͒ overlayer. 16, 19 The implication is that the dislocation lines cause a substantial protrusion in the potential, either through outward displacement of Li nuclei or via a large increase in local electron density.
DFT calculations were used to link the HAS data to structural details. They were performed within the generalized gradient approximation for the exchange-correlation functional as proposed by Perdew, Burke, and Ernzerhof. 25 We adopted the slab-supercell method, with ultrasoft pseudopotentials 26 and a plane waves basis set, implemented in the PWSCF CODE of the QUANTUM-ESPRESSO distribution. 27 Slabs of five Cu layers with Li atoms on one side were simulated, taking dipole field corrections into account. Convergence criteria were equivalent to those of our recently calculated alkali-metal potential-energy surfaces. 28 Structures were determined by allowing adatoms to relax from initial fourfold hollow sites for both the L 7 and L 5 overlayers, finding equivalent results in the two cases. A number of trial 0.6 ML structures, similar to those outlined elsewhere, 29 were also modeled but were found to be unstable by at least 30 meV per Li atom.
DFT results show that type-A nuclei remain in hollow sites and have essentially the same adsorption height and polarization as in the pure c͑2 ϫ 2͒ phase. Type-B adatoms are displaced laterally from the fourfold hollow by 0.31 Å in the ͓100͔ direction ͑i.e., perpendicular to the dislocation line͒ so that the minimum Li-Li separation within dislocation lines is 3.04 Å, identical to the interatomic separation of bulk Li metal under ambient conditions. The adsorption coordinate along the surface normal is very similar to that of A adatoms, being only 0.03 Å higher. This is surprising in view of the electronic redistribution described below but indicates that the nuclear positions of Li across the L 5 surface are almost as flat as in the pure c͑2 ϫ 2͒ phase. Thus, outward Li relaxation cannot account for the corrugation observed by HAS, which is an order of magnitude larger.
Given the discrepancy between the remarkably small vertical shift of nuclear positions and the large measured surface corrugation, effective medium theory 30 was used to estimate the isopotential amplitude at the classical turning point of He atoms and so construct a direct comparison with experiment. In this framework, the surface potential ͑V͒ experienced by an incident He atom is given by the isocharge ͑͒ surface with a proportionality constant of V / =45 eV Å 3 ͑Ref. 31, e.g., 27 meV corresponds to an electron density of 6 ϫ 10 −4 Å −3 ͒. For ease, we neglected the small, attractive van der Waals contribution, 32 which may account for small differences between the empirical and theoretical potentials. The bottom panels of Fig. 2 show the calculated potential contours of the L 5 structures for different locations. The contours along the c͑2 ϫ 2͒ stripes ͓Fig. 2͑b͔͒ and also along the L 5 dislocation lines ͓Fig. 2͑d͔͒ are almost flat, agreeing with the largely 1D surface potential seen experimentally. The large corrugation found in the ͓100͔ direction has protrusions located across the dislocation lines, as indicated in Fig. 2͑c͒ and in excellent agreement with the empirical isopotential contours.
An analysis of the electronic potential indicates that the charge density has an exponential decay constant that is independent of the in-plane coordinates. Thus, surprisingly, the effective potential that binds electrons to the surface is independent of the local adatom density, unlike the behavior seen at lower coverages in Na/Cu͑001͒. 33 We can also now provide an atomistic interpretation of the turning point and gradual increase in work function measured from Li/Cu͑001͒ above 0.5 ML. 13 We find a significant depolarization of Li adatoms, from 0.66 D ͑type-A Li͒ to 0.39 D ͑type-B Li͒. This reduction is strongly reminiscent of the onset of alkali-metal metallization 12, 13 but here it is localized. The process is mediated by substantial redistribution of charge upon formation of the L 5 overlayer, illustrated in Fig. 3 as the bondingcharge difference between the full L 5 structure and a reference bonding charge calculated as the summation of independent type-A and type-B contributions, each at an effective 0.2 ML coverage. Charge accumulates between type-B Li atoms and is depleted from the Li-substrate bonds without significant change to the bond lengths. Type-A Li atoms are relatively unperturbed, showing only variation in polarization due to the increase in coverage with respect to the ͑low-coverage͒ reference. Figure 3 indicates that charge accumulation forms a continuous, delocalized stripe along the dislocation lines, consistent with the formation of interadsorbate bonds. These derive from a spatial modification of electronic states in a wide energy interval, delocalized over Cu and Li atoms. Thus, adatoms in the L 5 structure are stabilized within lines whose interatomic separations are equivalent to those of bulk, metallic Li and with the clear formation of interatomic, 1D bonding, which suggests the creation of a 1D metallic Li wire. We have, therefore, shown that the corrugation in the surface charge density arises when in-plane bonds are formed at the surface. The additional charge is seen to emerge from a depolarization of the alkali-substrate bonds. Curiously, the electronic restructuring causing local metallization results in an increase in surface electronic corrugation rather than the decrease that is generally associated with metallic surfaces. 12 A key question is whether or not the modulation of adatom density perpendicular to the Li chains is driven by a CDW mechanism. The magnitude and local character of the observed charge corrugation as well as the large interatomic separation between A-type and neighboring B-type atoms indicate that there is little or no bonding between such atoms. Indeed, A-type Li atoms in the L 5 structure are effectively the same as in the isolated c͑2 ϫ 2͒ phase. Thus, the density variation that occurs along ͓100͔ may not arise from a CDW instability, which requires some bonding interaction. We conclude that the structure is determined by the magnitude of the underlying periodic potential of the substrate and by strongly localized adatom-substrate bonds. Whether collective electronic phenomena arise along the dislocation chains is an intriguing question that now deserves to be answered.
Our results are important for three principal reasons. First, we have described the formation of stable, one-dimensional Li wires that could facilitate future studies of 1D electronic effects in s-block materials. Second, the charge distribution of the ladder structures is a key intermediate stage in the full metallization of Li/Cu͑001͒, giving insight into what has been a long-standing problem. 12, 13 Finally, the results demonstrate, quantitatively, that charge redistribution during the formation of in-plane alkali metal bonds results directly from the depolarization of atom-substrate bonds. Our study identifies a stable coexistence of bonding types in the Li overlayer and indicates that well-ordered interadsorbate bonding occurs in a highly anisotropic, inhomogeneous manner for this prototypical alkali-metal adsorption system. Results are projected onto a contour map at the rear with the same color scheme and isolines every 2.5ϫ 10 −3 Å −3 . Charge is donated from Li-Cu bonds to contiguous regions running above the dislocation lines, indicating the onset of interadsorbate bonding.
